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Shear-induced multilamellar vesicle (MLV) formation has been studied by coupling the small-angle
neutron scattering (SANS) technique with neutron spin echo (NSE) spectroscopy. A 10% mass fraction
of the nonionic surfactant pentaethylene glycol dodecyl ether (C12E5) in water was selected as a model
system for studying weak inter-lamellar interactions. These interactions are controlled either by adding
an anionic surfactant, sodium dodecyl sulfate, or an antagonistic salt, rubidium tetraphenylborate.
Increasing the charge density in the bilayer induces an enhanced ordering of the lamellar structure.
The charge density dependence of the membrane bending modulus was determined by NSE and
showed an increasing trend with charge. This behavior is well explained by a classical theoretical
model. By considering the Caillé parameters calculated from the SANS data, the layer compressibility
modulus B̄ is estimated and the nature of the dominant inter-lamellar interaction is determined. Shear
flow induces MLV formation around a shear rate of 10 s�1, when a small amount of charge is included
in the membrane. The flow-induced layer undulations are in-phase between neighboring layers when
the inter-lamellar interaction is sufficiently strong. Under these conditions, MLV formation can occur
without significantly changing the inter-lamellar spacing. On the other hand, in the case of weak inter-
lamellar interactions, the flow-induced undulations are not in-phase, and greater steric repulsion leads
to an increase in the inter-lamellar spacing with shear rate. In this case, MLV formation occurs as the
amplitude of the undulations gets larger and the steric interaction leads to in-phase undulations between
neighboring membranes. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4994563]

I. INTRODUCTION

Lyotropic liquid crystals comprising amphiphilic
molecules in hexagonal, lamellar, and cubic geometries have
attracted a lot of interest in various fields across physics, chem-
istry, and biology. It is known that these ordered structures can
transform with a change of external stimuli such as tempera-
ture, pressure, or concentration. Shear flow is also known to
lead to structural transformation in these systems, and many
studies about the shear effects on lyotropic phases have been
reported.

For more than 20 years, many researchers have inves-
tigated shear effects on the lamellar phase by means of
microscopy, nuclear magnetic resonance, and small angle
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light/X-ray/neutron scattering. Generally, the lamellar bilayer
stacking is aligned with the shear flow. Alternatively,
Roux et al. have reported that with increasing shear rate,
the aligned bilayers stack periodically to form multi-lamellar
vesicles (MLVs), or “onions,” which fill all the space of a solu-
tion without excess water.1,2 Interestingly, MLV formation in
these systems is associated with shear-thickening rheological
behavior. Due to these interesting properties, the shear-induced
structural and rheological transitions in nonionic and ionic
surfactant solutions have been frequently studied in recent
years.1–32

One successful model that explains the MLV formation
is the “buckling” model proposed by Zilman and Granek,33 in
which the bending and buckling of the aligned bilayer stacks
occur at a critical shear rate and planar bilayer stacks trans-
form to MLVs with a polyhedral shape. The critical shear
rate or buckling wavelength are expressed in the model using
the bending rigidity of bilayers κ and the compressibility
modulus B̄.33–35 Therefore, κ and inter-lamellar interactions
expressed through B̄ are key controlling parameters for MLV
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formation.33–35 A comparison between a theoretical model and
an experimental result was reported for the elastic properties
of the membranes by Zhou and colleagues, but quantitative
agreement was not observed.19 The relation between the elastic
moduli and MLV formation has not been clarified experimen-
tally, i.e., the elastic moduli have not been estimated sys-
tematically using experimental techniques in lamellar phase
solutions where the onion phase is induced by shear flow.

In this article, we have focused on MLV formation under
shear flow in dilute lamellar phase solutions of C12E5/water
with varying inter-lamellar interactions. The interactions were
controlled by adding charged molecules to the nonionic mem-
branes. The effect of charge in nonionic surfactant mem-
branes on the onion formation and rheological properties has
been investigated previously by other researchers.19,36,37 They
claimed that the increase of the electrostatic repulsion results in
a stiffening of the membrane that suppresses layer undulations.
Here, we determined the dependence of κ and B̄ on the charge
density by means of small-angle neutron scattering (SANS)
and neutron spin echo (NSE) and discuss the relation between
the elastic moduli and the MLVs formation, which was inves-
tigated with simultaneous SANS and rheology measurements
(rheo-SANS).

II. EXPERIMENTAL

Pentaethylene glycol dodecyl ether, C12E5, was used as
the nonionic surfactant and the main component of the bilayer
dispersed in D2O. Here, D2O was employed to enhance the
neutron scattering contrast between the bilayer and the solvent.
Charge density in the non-charged bilayers was controlled by
the addition of an anionic surfactant, sodium dodecyl sulfate
(SDS). To check the generality of adding a charged agent,
the addition of an antagonistic salt, rubidium tetraphenylbo-
rate (RbBPh4), was also investigated. Note that the hydrophilic
cations and hydrophobic anions of an antagonistic salt are pref-
erentially dissolved in water and oil regions, respectively, and
a cation and anion pair acts like a surfactant molecule such
that the interfacial tension between water and oil regions is
decreased.38–44 Thus, it is expected that hydrophobic anions
are incorporated in the hydrophobic part of non-charged bilay-
ers, while the hydrophilic cations remain in the water region,
and that the antagonistic salt plays a similar role to the anionic
surfactant. C12E5 (purity > 98%) was purchased from Nikko
Chemicals, RbBPh4 (purity 95%) from SIGMA Aldrich, SDS
(purity better than 97%) from Tokyo Chemical Industry, Co.,
and D2O (99.9% D) from Cambridge Isotope Laboratory, Inc.,
respectively.

The molar ratio between charged species and C12E5, C,
was varied between 0.001 ≤ C ≤ 0.04, in order to control
the surface charge density and the inter-layer interaction. The
mass fraction of the nonionic surfactant and charged species
was kept constant at 0.1. Non-charged C12E5 molecules in
water has been one of the classical microemulsion systems
and, as such, the phase behavior is well-known.45 When C12E5

with a mass fraction of 10% is dissolved in water, a micellar
phase (L1) appears at low temperature, while a lamellar phase
(Lα) exists around 60 ◦C. A further increase in temperature
results in the formation of a sponge phase (L3), which appears

FIG. 1. Phase diagram of either (a) SDS or (b) RbBPh4 containing C12E5/
D2O solutions with varying the molar ratio of the charged species, C. With
increasing C, the lamellar Lα phase was enlarged, while the two regions of
phase separation between Lα and micellar phase L1 were shrunk.

only across a very narrow temperature range. The addition of a
charged species changes the phase behavior as shown in Fig. 1.
Figure 1(a) shows the phase diagram with added SDS. If more
SDS is added, the low temperature phase separation region is
reduced in size, while the size of the sponge region does not
change significantly. These characteristics are consistent with
the phase behavior known in the literature.46 The mixture with
RbBPh4 was found to have a very similar phase diagram, as
shown in Fig. 1(b). This suggests that an antagonistic salt plays
the same role as a cationic surfactant in modifying the charge
of the non-ionic surfactant bilayers.

SANS experiments were conducted on the CG2 General
Purpose SANS at the Oak Ridge National Laboratory (ORNL),
and the NG7-30 m SANS instrument at the National Insti-
tute of Standards and Technology (NIST).47 The measured
momentum transfer, q, ranged from 0.04 nm�1 to 5 nm�1.
These instruments were used to investigate charge effects on
the structure at steady state. In order to measure the SANS
profile under shear flow, a rheo-SANS setup48 was used at the
NGB-10 m SANS at the NIST. Since a wide phase separation
region exists below the Lα phase, we could not reach a sta-
ble Lα phase by increasing the temperature from the L1 phase.
Instead, we loaded the sample in the L3 phase, which appears at
a higher temperature than the Lα phase, then cooled the sample
temperature down to the target temperature of (58± 1.5) ◦C.
We confirmed that the sample appearance did not change in
this process by visual inspection, which supports the forma-
tion of Lα at T = 58 ◦C. Using this approach, we could
reach the Lα phase in the rheometer and avoid phase sepa-
ration during sample loading. The measured q range was from
0.1 nm�1 to 1 nm�1 for the rheo-SANS setup. The data reduc-
tion procedures at each facility were used to reduce the SANS
data,49 and some of the data analysis was performed using Sas
View.50

NSE experiments were performed using the NGA-NSE
spectrometer at the NIST.51 NSE measures the bilayer bending
elastic constants, and therefore charge effects on the bending
modulus, κ, were extracted. The incident neutron wavelengths
were 8 Å and 11 Å so that we reach the maximum Fourier time
of 40 ns and 100 ns, respectively. The measured q range was
from 0.4 nm�1 to 1.7 nm�1. The temperature was controlled
in demountable titanium cells with quartz windows using a
water circulating bath system. The sample temperature was set
at 58 ◦C within the deviation of ±1.5 ◦C. The measured data
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were corrected against the standard elastic scattering sample
and the background using the DAVE software.52

III. RESULTS AND DISCUSSION
A. Steady state structure

Figure 2(a) presents the charge density dependence of
SANS profiles as a function of added SDS. Although a
binary mixture of a mass fraction of 10% C12E5 in D2O is
known to form lamellar structures at T = 58 ◦C, the present
SANS pattern does not show any significant peaks from the
aligned lamellar layers. The form factor region is explained
well using the model function proposed by Nallet et al.53

This model, combined with visual inspection, suggests that
this pattern originates from the randomly oriented lamellar
structures. When a small amount of SDS is added to the
nonionic bilayer, 1 SDS molecule to 1000 C12E5 molecules
already has a significant effect on the interaction between
the layers. A broad peak appears around q = 0.2 nm�1,
which comes from the interlayer spacing unit of the lamel-
lar structure. This peak becomes sharper as the SDS content is
increased up to the maximum charge concentration tested (C
= 0.04). The position of the first peak seems slightly modu-
lated with increasing SDS concentration but the change is not
significant.

FIG. 2. SANS patterns observed when increasing the amount of (a) SDS and
(b) RbBPh4 in C12E5 bilayers in D2O at T = 58 ◦C. Legend indicates the
molar ratio, C, of (a) SDS and (b) RbBPh4 to C12E5. Data set is shifted by the
indicated multiplication factor except for pure components, which is shown
in absolute scale unit of cm�1. Solid lines indicate fit results according to the
model proposed by Nallet et al.53 Error bars represent ±1 standard deviation
throughout the paper.

Figure 2(b) displays the SANS profiles for the case where
RbBPh4 is added to the system. It is clear that the concentration
dependence of the SANS profile is very similar to that for SDS.
This indicates that the antagonistic salts are distributed in the
C12E5 bilayers and contribute to the interlayer interaction to
a similar degree compared to the SDS. Similar trends for the
scattering peak growth and peak location were observed for
various other antagonistic salt conditions (data not shown).
Thus, it has been confirmed that the addition of the antagonistic
salt modifies the inter-bilayer interaction in the same manner
as the SDS. Note that a hydrophilic salt, such as NaCl, did not
alter the scattering pattern of the pure C12E5 membranes at this
low concentration, since the hydrophilic salt dissolving in the
water phase does not have a significant charge contribution to
the interlayer interaction.

As shown in Fig. 2, the scattering theory to describe
the lyotropic lamellar phase of surfactant solutions53 explains
our scattering results quite well except for deviations in the
lowest q regions. These deviations suggest a larger scale struc-
tural inhomogeneity that may perturb the scattering intensity.
Based on the model fit that accounts for the instrumental res-
olution smearing, we can deduce the mean repeat distance of
the lamellar, d, the average thickness of the lamellar, δ, and the
Caillé parameter, ηcp, which is related to the membrane elastic
constants. Figure 3 shows the charge density dependence of
these parameters. This result indicates that δ is almost constant
when charged species are incorporated into the nonionic sur-
factant bilayers, while d may get smaller at low concentration
and stays almost constant at higher charge conditions. A simi-
lar trend of the change in d was reported by Bergmeier et al. for
mixed nonionic and ionic surfactants tetradecyldimethylami-
neoxide (TDMAO) and tetradecyltrimethylammonium bro-
mide (TTABr) bilayers.6 The Caillé parameter, ηcp, can be
expressed as53,54

ηcp =
q2

pkBT

8π
√
κB̄/δ

, (1)

where qp denotes the position of the first sharp correlation
peak between bilayers, kBT is the thermal energy, κ is the
bending modulus, and B̄ is the compressibility modulus. As
demonstrated in Fig. 3(b), ηcp is strongly dependent on the
amount of charge. In the next section we use NSE to determine
the bending modulus of the membrane κ and will discuss the
effect of charge on the structure and dynamics more in detail.

FIG. 3. Structural parameters determined by the fit of the SANS data. (a)
Mean repeat distance d slightly decreases at low charge conditions, while
overall values may be almost constant around 30 nm. The bilayer thickness δ is
almost constant at 3.0 nm for both charge cases. (b) Extracted Caillé parameter
shows different behaviors at low charge concentration cases between anionic
surfactant and antagonistic salt as highlighted by the dotted lines.
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B. Steady state equilibrium dynamics

NSE measures the intermediate scattering function,
I(q, t)/I(q, 0), as a function of q and Fourier time t, which
is shown in Fig. 4 for the case of C12E5 bilayers dispersed in
D2O at C = 0.001 (RbBPh4 has been added to the membrane).
In the present system, without charged species, it has been
established that the bilayer displays non-interacting undulation
fluctuations, and a theoretical model to describe single mem-
brane dynamics proposed by Zilman and Granek55 explains
the NSE result well.56 The model is expressed as

I(q, t)
I(q, 0)

= exp


−*
,
0.025γ

√
kBT
κ

kBT
ηD2O

q3t+
-

2/3
, (2)

where γ is a parameter close to unity originating from averag-
ing the angle between the wavevector q and a vector normal
to the bilayer, and ηD2O is the viscosity of water. The present
NSE result indicates that the Zilman-Granek model explains
the data with the addition of a small amount of charged species
quite well, even at the highest condition of C = 0.04 as shown
in the inset of Fig. 4. The excellent agreement with the scal-
ing behavior of the Zilman-Granek model validates its use
here. However, it is known that this model cannot estimate
the absolute value of bending rigidity precisely because of
the internal friction of the membranes. In order to solve this
problem, we employed a simple treatment, whereby an effec-
tive solvent viscosity approximately three times of ηD2O is
used to estimate reasonable values of κ under the assumption
of γ = 1.57,58 This treatment contains an arbitrary factor that
assumes an effective viscosity of between 2 and 4 times that of
ηD2O.58–60 In a previous study, a factor of three worked well for
a similar lamellar system with changing charge interactions.61

Watson and Brown62 presented a source of the discrepancy
between the Zilman-Granek prediction and actual estimates of
κ as an internal layer friction, originally considered by Seifert
and Langer.63

FIG. 4. Intermediate scattering function, I(q, t)/I(q, 0), measured by NSE for
C12E5 bilayers in D2O with the addition of RbBPh4 at C = 0.001. Solid lines
indicate the fit result according to the Zilman-Granek model.55 Inset shows a
scaling plot for the sample with RbBPh4 at C = 0.04 and the black line is the
fit result to the scaling law.

FIG. 5. Dependence of κ on the amount of charged species included in
the system. Increase in κ with charge is consistent with the theoretical
prediction.64

The estimated κ for pure C12E5, with SDS, and with
RbBPh4 are plotted in Fig. 5, which shows a monotonic
increase of κ with C. The trend and magnitude of κ are
comparable with the previous works on similar surfactant sys-
tems.61,64,65 The contribution of charge to the bending modulus
κc has been considered as an additive term to the geomet-
ric contribution κg.66–72 The prediction used by Schomaecker
and Strey64 is based on the one proposed by Harden and col-
leagues69 and is described as κc = 3kBT/4πκ3

DlBl2
GC , where

κ−1
D is the Debye length defined as κ−1

D =
√
ε rε0kBT/2ne2,

ε r is the dielectric constant of the solution, ε0 is the vacuum
permittivity, n is the charge number density, and e is the elec-
tric unit charge. lB and lGC are the Bjerrum length given by
lB = e2/4πε rε0kBT and the Gouy-Chapman length given by
lGC = e/2πlBσwithσ the surface charge density, respectively.
The dashed line in Fig. 5 indicates the result from the above
calculation assuming the dissociation rate of 25% as measured
in a C12E4/SDS/water/octane system,61 which explains the
experimental result well. Note that this tendency contradicts
the experimental results given by Farago and Gradzielski;73

the bending modulus of TDMAO monolayer does not change
with the addition of TTABr. This discrepancy may originate
from the differences between the samples and the geometry of
the membranes.

Here, we combine both SANS and NSE data to under-
stand charge effects on the steady state structure and dynamics
in more detail. We observed a weak charge dependence of
the interlamellar repeat distance, d, while an almost constant
bilayer thickness, δ, was calculated from the SANS data. The
reduction of d with charge has been explained as the sup-
pression of undulation fluctuations due to interlayer charge
interactions.74 The dilution law d = δ/φ, where φ is the volume
fraction of the bilayer, can be modified due to the membrane
undulation and expressed as d = δ(1 + ∆A

A )/φ where A is the
area of the undulating bilayer projected on the normal plane
and ∆A + A is the average of the true area of the bilayer. In
order to capture the charge effects on the bilayer undulations,
de Vries proposed comparing the relative change in the dilu-
tion relation from an experiment and area change from theory
as74 (

dφ
δ

)
2
−

(
dφ
δ

)
1
=

(
∆A
A

)
2
−

(
∆A
A

)
1
, (3)
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where (∆A/A)n is given by(
∆A
A

)
n
=

1
4πκn

∫ xm

0

dx
x

(
1 +

dw,n

πlBκn

fe(x,Λ)

x4

)−1/2

×

(
1 +

dw,n

πlBκn

f0(x,Λ)

x4

)−1/2

, (4)

and xm = qmdw ,n/2 with qm = 2π/δ, dw ,n is the water layer
thickness of species n, κn is the experimentally determined
bending modulus of species n from the NSE, andΛ = 2dw/lGC .
The dimensionless functions fe(x,Λ) and f0(x,Λ) refer to the
even and odd mode of the undulations, respectively, and the
explicit expressions are given elsewhere.74 Following the pre-
vious studies,61,74–76 we calculated values for the difference in
the bilayer area change at a given C, (∆A/A)2 with respect
to a reference value (∆A/A)1 and the results are shown in
Fig. 6. The reference point was chosen to be C = 0.001 for both
SDS and RbBPh4 cases. Calculations indicate a monotonic
decrease of the area difference with increasing charge. This
trend explains the experimental data points above C = 0.01. In
between C = 0.001 and 0.01, the deviation between the exper-
iment and calculation is unacceptably large. This suggests that
in this range, the reduction of undulation fluctuations due to the
increase in the bending rigidity of membranes cannot explain
the change of the value of d. As was discussed in a similar sys-
tem,61 this difference may come from structural modifications,
for example, vesicle formation as suggested previously.64,69

Indeed, the SANS profile obtained in this region shown in
Fig. 2 indicates increased intensity at low q region (C = 0.002),
which represents a longer range inhomogeneity in the system.
It is noted that this tendency may be true for C = 0.001 as well,
but the increase in the low q intensity is not as large as the case
for C = 0.002 and we treat this in the same type of lamellar
structure as the larger charge conditions.

After estimation of κ by NSE, the only unknown param-
eter in Eq. (1) is B̄ of the bilayer. The value of B̄ can thus
be calculated, as shown in Fig. 7. This parameter indicates

FIG. 6. C dependence of the difference in the change in area. The experi-
mental data points are shown as the deviation from the dilution law [(∆A/A)2
− (∆A/A)1 = 0 corresponds to the dilution law] and the dashed lines indicates
the calculation of the area change using Eq. (4). The dashed vertical lines
separate the regions that have some structural modification.

FIG. 7. C dependence of B̄ of the surfactant bilayers calculated from the com-
bination between the Caillé parameter ηcp extracted from SANS and bending
modulus κ from NSE. The dotted lines are the calculated values of B̄ assuming
weakly screened electrostatic repulsions, B̄el [Eq. (5)], while the dashed lines
under the assumption of crumpled membranes with Helfrich’s steric repulsion,
B̄str [Eq. (6)]. The vertical dashed lines are the same as Fig. 6.

the layer compressibility modulus at constant chemical poten-
tial, which relates to the interactions between membranes.77

In the case of weakly screened electrostatic repulsions as
expected in the present system at high C, the exact form of the
interaction potential is calculated from the one-dimensional
Poisson-Boltzmann equation.78 This form of B̄ is calculated
as79,80

B̄el =
πkBTd

2lB(d − δ)3
(5)

and the calculated result is shown in Fig. 7 by the dotted lines.
The calculated values of B̄el are on the order of 104 N/m2 for all
the charge concentrations. These values are at the low end of
the scale for electrostatic repulsion and consistent with the val-
ues in the literature.81–83 Therefore, in the large C regions, the
membranes are primarily stabilized by the electrostatic repul-
sions. In the small C regions, the electrostatic interactions are
not sufficient to stabilize the membranes, while steric repulsion
due to thermal undulations of membranes84 explains the exper-
imental data much better. The value of B̄ for the undulating
membranes is calculated as85

B̄str =
9π2(kBT )2d

64κ(d − δ)4
, (6)

FIG. 8. Apparent viscosity in C12E5/SDS/D2O systems under shear at C
= 0, 0.001, 0.01, and 0.02. Shear thickening is observed around γ̇c = 10 s�1.
The pure sample shows a slight shoulder around γ̇c = 3 s�1, which can be a
similar trend to the shear thickening seen in the charged systems.
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and the result is shown by the dashed lines for each charge
species (values on the order of 102 N/m2). These values are
slightly smaller than the values reported by Tsapis et al.,86

where their data were well explained by Helfrich’s model with
renormalized thickness.87 Since their mean repeat distance is
slightly smaller than ours, it is reasonable that we have smaller
values of B̄. As a matter of fact, Imai et al. reported even smaller
B̄ than ours in the C12E5/water system with a larger mean repeat
distance.59 Therefore, we conclude that our membranes at low
C are thermally fluctuating and the interaction is weak. It is
noted here that the structural modifications at the intermediate
regions of C may come from the fact that the interlayer elec-
trostatic and steric interactions are competing with each other,
which affects the stability of the structure.

C. Structure under shear flow

Figure 8 represents the shear rate, γ̇, dependence of the
solution viscosity in a C12E5/SDS/water system with vary-
ing C from 0 to 0.02. The data show a clear trend of shear
thickening and then thinning when a charged surfactant is
added to the nonionic surfactant bilayers. The critical shear

rate γ̇c as the maximum of the viscosity shifts to higher γ̇ as
the amount of SDS is increased. A similar trend was observed
when the antagonistic salt RbBPh4 is added to the C12E5/water
system. Although the shear thickening behavior is clear with
charged molecules present in the system, the non-charged
C12E5/water system does not display a clear increase in the
viscosity, though a slight shoulder is seen around γ̇c = 3 s�1.
The sharpness of the peak shape seems to vary with C,
with a broader peak apparent for smaller C. A similar shear-
thickening behavior and the peak shape variation were reported
in TDMAO/TTABr/hexanol/water systems.5,6 We suspect that
the changes in the peak shape relate to the strength of the inter-
lamellar interactions. When C is increased, the electrostatic
repulsion is enhanced and the buckling occurs cooperatively.
As a result, the viscosity peak becomes narrower and the
apparent viscosity increases with increasing charge density.

Shear thickening behavior in the lamellar phase has been
discussed in conjunction with the MLV formation under
shear. In those cases, anisotropic scattering patterns change to
isotropic ones due to vesicle formation.1,32,88 Figure 9 shows
a course of SANS patterns while changing γ̇. Figures 9(a)
and 9(b) are the two dimensional SANS patterns for radial

FIG. 9. [(a) and (b)] 2D SANS patterns from a RbBPh4/C12E5/D2O system at C = 0.001 for a different shear rate γ̇ of (a) radial and (b) tangential configurations.
The left and bottom axes indicate the pixel number of the neutron detector, and the top and right axes are the values of q. The color bar corresponds to the
scattering intensity. The flow direction is shown at the left side of the 2D patterns. [(c) and (d)] Annular average of the 2D SANS pattern at q ≈ 0.2 nm�1 for (c)
radial and (d) tangential configurations.
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and tangential configurations observed for a RbBPh4/C12

E5/D2O system at C = 0.001. In the radial configuration
[Fig. 9(a)], the planar lamellar structure is aligned in the
direction parallel to the flow at low γ̇, while more isotropic
scattering is observed around γ̇ = 10 s�1, and eventually at
γ̇ = 500 s�1, the lamellar is again aligned parallel to the flow
direction. In the tangential direction [Fig. 9(b)], the γ̇ depen-
dence is less pronounced. As γ̇ is increased, the scattering
pattern becomes isotropic at γ̇ ≈ 10 s�1, while an anisotropic
scattering pattern is again observed at higher shear rates. The
annular average at q ≈ 0.2 nm�1 where the lamellar scattering
peak is observed is presented in Figs. 9(c) and 9(d) for radial
and tangential configurations, respectively. Again, the above
mentioned anisotropic to isotropic to anisotropic scattering
patterns are evident with increasing γ̇. The present rheo-SANS
result indicates that isotropic scattering is observed where the
rheology measurement shows shear thickening and this is typ-
ical of the planar lamellar to MLV transition. Once MLVs are
formed, the space is filled with spherical MLVs and isotropic
scattering dominates the scattering pattern.

We measured rheo-SANS for RbBPh4/C12E5/D2O and
SDS/C12E5/D2O at different levels of charged species, and
similar anisotropic to isotropic to anisotropic scattering pat-
terns are observed as we increase γ̇ for all these conditions.
This implies that the initial state without shear flow is always
the planar lamellar structure even at the large C conditions,
and the data confirm that the shear thickening originates from
the MLV formation. The critical shear rate showing the max-
imum viscosity increases with increasing charge amount in
the bilayer, which indicates that MLV formation becomes less
likely with increasing charge. Since the bending modulus mea-
sured by NSE increases with increasing charge content, buck-
ling of the bilayers becomes less preferable and that reduces
the likelihood of MLV formation. In the previous studies with
TDMAO and TTABr membranes,5,6 an opposite trend, where
the critical shear rate decreases with increasing membrane
charge density, was observed. These systems show vesicle for-
mation without shear in the high charge density cases, and
they speculated that the incorporation of charge in the mem-
branes induces a reduction of the Gaussian modulus, κ̄. A
similar behavior, where the critical shear rate decreases with
increasing charge, was also observed in a different surfactant
system.19 This system also forms a vesicle structure at high
charge, in the absence of shear; however, in this case, the crit-
ical shear rate did increase slightly with charge at a lower
concentration. This suggests that the system we present in this
work is most similar to the low charge conditions in this other
study.

In order to verify how the strength of the interlayer inter-
action affects the behavior, we calculated the γ̇ dependence
of the mean repeat distance d. Figure 10 presents the result
in the two extreme interaction cases for C = 0.001 and 0.02
through two different flow directions in SDS/C12E5/D2O. The
top panel is from a vertical slice from scattering through the
tangential direction (shear gradient direction), the middle is
from a vertical slice from scattering through the radial direc-
tion (shear neutral direction), and the bottom panel shows the
result from a horizontal slice from scattering through the radial
direction (shear flow direction), respectively. Above γ̇ = 1 s�1

FIG. 10. γ̇ dependence of the mean repeat distance of the lamellar, d, for
different observation directions. The flow and neutral directions correspond
to the horizontal (circles) and vertical (squares) axes in the radial direction
in the sample geometry, while the gradient direction is the horizontal (up-
pointing triangles) axis in the tangential direction. Full symbols show the data
from C = 0.001 and open symbols from C = 0.02 for the charge species as
SDS.

for the C = 0.02 sample, the data show almost the same trend as
the data in the literature.36 In the larger interlayer interaction
case, the value of d stays almost constant at γ̇ ≤ 20 s�1 where
the viscosity almost reaches a maximum, and then decreases
with increasing γ̇.

On the other hand, in the weaker interaction case at C
= 0.001, we see slightly different behavior. Both in the neu-
tral and gradient directions, the value of d increases with γ̇ at
γ̇ ≤ 10 s�1, while the flow direction shows an almost constant
value of d. As seen in Fig. 8, the solution viscosity increases
toward γ̇ ≈ 10 s�1, where MLV formation is expected. Fur-
thermore, in the two-dimensional SANS pattern, we observed
isotropic scattering patterns at 7 s−1 ≤ γ̇ ≤ 100 s�1. Therefore,
this trend of increasing d toward MLV formation is thought to
be a signature of structural changes necessary for MLV forma-
tion. The value of d in the steady state, i.e., γ̇ = 0, is observed
to be d = 33 nm, and the value of d was almost constant at the
low shear rates for γ̇ < 1 s�1 (d ≈ 32 nm). Increasing the d-
spacing is thus induced by the increased undulations due to the
flow. This corresponds to the increase of the buckling instabil-
ity, suggested theoretically33 and confirmed experimentally,32

leading to onion formation. As a matter of fact, if we calculate
the change of the excess area due to the change in the undu-
lation using de Vries theory [Eq. (3)],74 we see about a 1 kBT
drop of the bending rigidity from γ̇ = 1 s�1 to γ̇ = 10 s�1.
This kind of reduction is seen in both the flow and gradient
directions and indicates increased undulations in these direc-
tions. We believe the present result provides further evidence
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that the buckling instability induces MLV formation, and that,
even in the weak interlayer interaction cases, the mechanism
of the MLV formation is through the buckling.

In the strong inter-lamellar interaction cases, the undula-
tions are more or less in-phase, and the shear flow induces
an increase of the in-phase undulation fluctuations, which
leads to MLV formation through buckling instability. For the
weaker interaction case, the flow-induced undulations are out-
of-phase between neighboring membranes. The flow-induced
undulations increase the steric repulsion between membranes,
which is responsible for the increase in d. As the steric inter-
actions get larger, the undulations become more in-phase and
eventually overcome the threshold for MLV formation. When
the inter-membrane interactions are even smaller, like the case
of no-charge membranes in the present experiment, shear flow
induces further undulations, where neighboring membranes
are out-of-phase. As the shear rate increases, the amplitude of
the undulations gets larger, while the steric repulsion between
the membranes is not strong enough to buckle them together.
As such, the system still prefers to transform to vesicular struc-
tures. In this case, unilamellar vesicles instead of MLVs would
be induced as was suggested by a theoretical study.31 The
shoulder seen in the viscosity data (Fig. 8) may come from
this type of structural change.

Before closing the discussion, we should note that there
are some remaining issues to be solved. First, is the obser-
vation of a lower viscosity at low shear rate for C = 0.001
compared with that at C = 0. We would expect that larger inter-
lamellar interactions induce a higher apparent viscosity, which
is confirmed at high shear rate, but not at low shear rate (see
Fig. 8). The second issue is the different dependence of the
Caillé parameters of the samples with SDS and RbBPh4 when
a small amount of charge is added (see Fig. 3). This may reflect
the different charge distribution within the membranes. The
SANS profiles at C = 0.002 in Fig. 2 show a more asymmetric
shape of the scattering peak for the sample with SDS. This sug-
gests some kind of inhomogeneity in the lamellar membranes
that is more pronounced in the SDS containing bilayers. Since
these issues are not essential for the present study and further
systematic experiments are necessary, we leave them as future
problems.

IV. CONCLUSION

In the present paper, a combination of conventional SANS,
rheo-SANS, and NSE has been used to demonstrate shear-
induced multilamellar vesicle (MLV) formation in a mass
fraction of 10% C12E5 aqueous solution. By controlling the
inter-lamellar interactions through the addition of anionic
surfactant SDS or antagonistic salt RbBPh4, the strength of
inter-lamellar interactions and membrane elastic properties
is shown to be interconnected with the mechanisms of MLV
formation. The rheological behavior of the system shown in
Fig. 8 was explained thus: The increase in the viscosity η with
increasing the amount of charge, C, is due to the increase in
the inter-lamellar repulsive interactions. This was evidenced
by the conventional SANS experiment that clearly showed
the inter-lamellar correlation peak to be sharper at the highest
charge concentrations. Furthermore, through the use of NSE

to determine the bending modulus of the membrane, κ, the
interaction strength between membranes was verified by cal-
culating the layer compressibility modulus B̄. Shear thickening
occurs due to MLV formation, which was less preferable at
higher C (need higher shear to form MLVs), due to a larger
κ. In the case when inter-lamellar interactions are sufficiently
strong, the inter-lamellar spacing, d, did not change toward
MLV formation. This indicates that the buckling instability
induced by the flow shifted the membrane undulations closer
to being in-phase. Once the MLVs were formed, d got smaller
with increasing shear rate due to the water being squeezed out
of the MLVs. When charge interactions are weak, however, an
increase in d was observed in the flow and gradient directions
toward the formation of MLVs, which indicated an increase
of undulation fluctuations due to the flow. Since d stays con-
stant if the membrane undulations are in-phase, this supports
the existence of out-of-phase behavior, and an increase in the
amplitude of the undulations increases the steric repulsion
between the membranes. When the repulsion exceeds a certain
level, the undulations become more in-phase and MLVs are
formed, though if the repulsion stays weaker, then unilamellar
vesicles may be formed under shear. The present result con-
firms that the buckling instability is the primary mechanism to
form MLVs even in the weak interaction cases.

As a final remark, we clarify that the interplay between
the inter-lamellar interactions and membrane elastic properties
governs the buckling instability in the MLV formation process;
the bending elasticity plays a major role in the case of weak
inter-lamellar interactions, while the interactions override the
key role when charge in the membrane is increased as well
as inter-bilayer distance is decreased. This evidence could be
indispensable information in understanding the mechanism of
the shear induced MLV formation.
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54A. Caillé, “Remarques sur la diffusion des rayons X dans les smectiques
A,” C. R. Acad. Sci. Paris, Ser. B 274, 891–893 (1972).

55A. G. Zilman and R. Granek, “Undulations and dynamic structure factor of
membranes,” Phys. Rev. Lett. 77, 4788–4791 (1996).

56M. Nagao, S. Chawang, and T. Hawa, “Interlayer distance dependence of
thickness fluctuations in a swollen lamellar phase,” Soft Matter 7, 6598–
6605 (2011).

57B. Farago, M. Monkenbusch, K. D. Goecking, D. Richter, and J. S. Huang,
“Dynamics of microemulsions as seen by neutron spin echo,” Phys. B 213-
214, 712–717 (1995).

58S. Komura, T. Takeda, Y. Kawabata, S. K. Ghosh, H. Seto, and M. Nagao,
“Dynamical fluctuation of the mesoscopic structure in ternary C12E5–
water–n-octane amphiphilic system,” Phys. Rev. E 63, 041402 (2001).

59M. Imai, R. Mawatari, K. Nakaya, and S. Komura, “Inter-lamellar inter-
actions modulated by addition of guest components,” Eur. Phys. J. E 13,
391–400 (2004).

60J.-H. Lee, S.-M. Choi, C. Doe, A. Faraone, P. A. Pincus, and S. R. Kline,
“Thermal fluctuation and elasticity of lipid vesicles interacting with pore-
forming peptides,” Phys. Rev. Lett. 105, 038101 (2010).

61R. Bradbury and M. Nagao, “Effect of charge on the mechanical properties
of surfactant bilayers,” Soft Matter 12, 9383–9390 (2016).

62M. C. Watson and F. L. H. Brown, “Interpreting membrane scattering exper-
iments at the mesoscale: The contribution of dissipation within the bilayer,”
Biophys. J. 98, L09–L11 (2010).

63U. Seifert and S. A. Langer, “Viscous modes of fluid bilayer membranes,”
Europhys. Lett. 23, 71–76 (1993).

64R. Schomaecker and R. Strey, “Effect of ionic surfactants on nonionic bilay-
ers: Bending elasticity of weakly charged membranes,” J. Phys. Chem. 98,
3908–3912 (1994).

65N. Tsapis, R. Ober, and W. Urbach, “Modification of elastic constants by
charge addition to a nonionic lamellar phase,” Langmuir 16, 2968–2974
(2000).

66M. Winterhalter and W. Helfrich, “Effect of surface charge on the curvature
elasticity of membranes,” J. Phys. Chem. 92, 6865–6867 (1988).

67H. N. W. Lekkerkerker, “Contribution of the electric double layer to the
curvature elasticity of charged amphiphilic monolayers,” Phys. A 159, 319–
328 (1989).

68M. Winterhalter and W. Helfrich, “Bending elasticity of electrically charged
bilayers: Coupled monolayers, neutral surfaces, and balancing stresses,” J.
Phys. Chem. 96, 327–330 (1992).

69J. L. Harden, C. Marques, J. F. Joanny, and D. Andelman, “Membrane
curvature elasticity in weakly charged lamellar phases,” Langmuir 8, 1170–
1175 (1992).

70A. Fogden, J. Daicic, D. J. Mitchell, and B. W. Ninham, “Electrostatic
rigidity of charged membranes in systems without added salt,” Phys. A
234, 167–188 (1996).

71Y. W. Kim and W. Sung, “Effects of charge and its fluctuation on membrane
undulation and stability,” Europhys. Lett. 58, 147–153 (2002).

72L. M. Bergström, “Bending elasticity of charged surfactant layers: The effect
of mixing,” Langmuir 22, 6796–6813 (2006).

73B. Farago and M. Gradzielski, “The effect of the charge density of
microemulsion droplets on the bending elasticity of their amphiphilic film,”
J. Chem. Phys. 114, 10105–10122 (2001).

74R. de Vries, “Thermal undulations in salt-free charged lamellar phases:
Theory versus experiment,” Phys. Rev. E 56, 1879–1886 (1997).

75H. von Berlepsch and R. de Vries, “Weakly charged lamellar bilayer system:
Interplay between thermal undulations and electrostatic repulsion,” Eur.
Phys. J. E 1, 141–152 (2000).

76N. Awata, K. Minewaki, K. Fukuda, M. Fujii, and T. Kato, “Phase behaviors
and light scattering for dilute mixtures of C12E5 and lauric acid,” Colloids
Surf., A 183-185, 449–455 (2001).

77D. Roux, C. R. Safinya, and F. Nallet, in Micelles, Membranes, Microemul-
sions, and Monolayers, edited by W. M. Gelbart, A. Ben-Shaoul, and
D. Roux (Springer Verlag, New York, 1994).

78A. C. Cowley, N. L. Fuller, R. P. Rand, and V. A. Parsegian, “Measurement
of repulsive forces between charged phospholipid bilayers,” Biochemistry
17, 3163–3168 (1978).

79D. Roux and C. R. Safinya, “A synchrotron X-ray study of competing
undulation and electrostatic interlayer interactions in fluid multimembrane
lyotropic phases,” J. Phys. 49, 307–318 (1988).

80F. Nallet, D. Roux, and J. Prost, “Hydrodynamics of lyotropic smectics:
A dynamic light scattering study of dilute lamellar phases,” J. Phys. 50,
3147–3165 (1989).

81C. Safinya, D. Roux, G. Smith, S. Sinha, P. Dimon, N. Clark, and A. Bellocq,
“Steric interactions in a model multimembrane system: A synchrotron x-ray
study,” Phys. Rev. Lett. 57, 2718–2721 (1986).

82G. Bouglet and C. Ligoure, “Polymer-mediated interactions of fluid mem-
branes in a lyotropic lamellar phase: A small angle x-ray and neutron
scattering study,” Eur. Phys. J. B 9, 137–147 (1999).

83G. Brotons, M. Dubois, L. Belloni, I. Grillo, T. Narayanan, and T. Zemb,
“The role of counterions on the elasticity of highly charged lamellar phases:
A small-angle x-ray and neutron-scattering determination,” J. Chem. Phys.
123, 024704 (2005).

84W. Helfrich, “Elastic properties of lipid bilayers: Theory and possible
experiments,” Z. Naturforsch., C: J. Biosci. 28, 693–703 (1973).

85T. C. Lubensky, J. Prost, and S. Ramaswamy, “Crumpling and second sound
in lyotropic lamellar phases,” J. Phys. 51, 933–943 (1990).

86N. Tsapis, W. Urbach, and R. Ober, “Dramatic rigidification of a peptide-
decorated lamellar phase,” Phys. Rev. E 63, 041903 (2001).

87F. Castro-Roman, G. Porte, and C. Ligoure, “Renormalization of Hel-
frich’s interactions between fluid membranes in a lyotropic lamellar phase
by addition of amphiphilic copolymers,” Phys. Rev. Lett. 82, 109–112
(1999).

88L. Porcar, G. G. Warr, W. A. Hamilton, and P. D. Butler, “Shear-induced
collapse in a lyotropic lamellar phase,” Phys. Rev. Lett. 95, 078302
(2005).

http://dx.doi.org/10.1063/1.3609863
http://dx.doi.org/10.1107/s0021889806035059
http://doi.org/10.5281/zenodo.438138
http://doi.org/10.5281/zenodo.438138
http://dx.doi.org/10.1021/bk-2000-0739.ch007
http://dx.doi.org/10.6028/jres.114.025
http://dx.doi.org/10.1051/jp2:1993146
http://dx.doi.org/10.1103/physrevlett.77.4788
http://dx.doi.org/10.1039/c1sm05477e
http://dx.doi.org/10.1016/0921-4526(95)00257-a
http://dx.doi.org/10.1103/physreve.63.041402
http://dx.doi.org/10.1140/epje/i2003-10085-7
http://dx.doi.org/10.1103/physrevlett.105.038101
http://dx.doi.org/10.1039/c6sm01686c
http://dx.doi.org/10.1016/j.bpj.2009.11.026
http://dx.doi.org/10.1209/0295-5075/23/1/012
http://dx.doi.org/10.1021/j100065a055
http://dx.doi.org/10.1021/la9908541
http://dx.doi.org/10.1021/j100335a004
http://dx.doi.org/10.1016/0378-4371(89)90400-7
http://dx.doi.org/10.1021/j100180a060
http://dx.doi.org/10.1021/j100180a060
http://dx.doi.org/10.1021/la00040a025
http://dx.doi.org/10.1016/s0378-4371(96)00278-6
http://dx.doi.org/10.1209/epl/i2002-00617-9
http://dx.doi.org/10.1021/la060520t
http://dx.doi.org/10.1063/1.1362690
http://dx.doi.org/10.1103/physreve.56.1879
http://dx.doi.org/10.1007/pl00014594
http://dx.doi.org/10.1007/pl00014594
http://dx.doi.org/10.1016/s0927-7757(01)00558-1
http://dx.doi.org/10.1016/s0927-7757(01)00558-1
http://dx.doi.org/10.1021/bi00608a034
http://dx.doi.org/10.1051/jphys:01988004902030700
http://dx.doi.org/10.1051/jphys:0198900500200314700
http://dx.doi.org/10.1103/physrevlett.57.2718
http://dx.doi.org/10.1007/s100510050749
http://dx.doi.org/10.1063/1.1950667
http://dx.doi.org/10.1515/znc-1973-11-1209
http://dx.doi.org/10.1051/jphys:019900051010093300
http://dx.doi.org/10.1103/physreve.63.041903
http://dx.doi.org/10.1103/physrevlett.82.109
http://dx.doi.org/10.1103/physrevlett.95.078302

